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Abstract

Aging is often associated with a decline in physical function that eventually leads to loss of autonomy in activities of daily living
(ADL). Walking is a very common ADL, important for main determinants of quality of life in older age, and it requires the in-
tegration of many physiological systems. Gait speed has been described as the ‘sixth vital sign’ because it is a core indicator of
health and function in aging and disease. We reviewed original studies up to June 2020 that assessed frailty in both longitu-
dinal and cross-sectional observational studies, paying particular attention to how gait is measured in older population and
how the gait parameter adopted may influence the estimated frailty models and the health-related outcomes of the various
studies (i.e. clinical, cognitive, physical, and nutritional outcomes). Eighty-five studies met the search strategy and were in-
cluded in the present systematic review. According to the frailty tools, more than 60% of the studies used the physical phe-
notype model proposed by Fried and colleagues, while one-third referred to multi-domain indexes or models and only 5%
referred to other single-domain frailty models (social or cognitive). The great heterogeneity observed in gait measurements
and protocols limited the possibility to directly compare the results of the studies and it could represent an important issue
causing variability in the different outcome measures in both clinical-and population-based settings. Gait appeared to be an
indicator of health and function also in frail older adults, and different gait parameters appeared to predict adverse
health-related outcomes in clinical, cognitive, and physical domains and, to a lesser extent, in nutritional domain. Gait has
the potential to elucidate the common basic mechanisms of cognitive and motor decline. Advances in technology may extend
the validity of gait in different clinical settings also in frail older adults, and technology-based assessment should be encour-
aged. Combining various gait parameters may enhance frailty prediction and classification of different frailty phenotypes.
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Introduction

Aging can be associated with a decline in physical function
that eventually leads to loss of autonomy in daily life
activities.1 In many older persons, such a decline has no

explicit connection to a defined medical condition and, often,
it does not receive proper medical attention until a late stage.
With this evidence, the concept of frailty has gained impor-
tance over the past decade because of the population aging
and the pressing need to prevent late-life disability and its
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burdening consequences.2 In fact, as a general concept,
frailty is a clinical condition characterized by reduced capaci-
ties in multiple physiological systems, determining a state of
increased vulnerability to stressors and susceptibility to ad-
verse health-related outcomes (e.g. functional decline, falls,
hospitalization, and death).3 The causes of frailty are not fully
understood. A pathophysiological pathway that shows simi-
larities with, but is not identical to, the aging process has
been recently reported in frail older adults with cancer.4

However, even though the underlying mechanisms of frailty
are not fully understood, frailty is acknowledged to be not
only a biological or physiological state but also a multidimen-
sional concept.5 Indeed, this clinical condition may include
sensorial, physical, social, cognitive, psychological/depres-
sive, and nutritional phenotypes.6 Within each of the physi-
cal, psychological, and social dimensions, various risk factors
or determinants for frailty exist. These factors include (i) a
physical dimension: nutritional status,6 physical activity,7,8

mobility,9 strength,10 and energy; (ii) a neuropsychological di-
mension: cognition11,12 and mood13; and (iii) a social dimen-
sion: lack of social contacts and social support.14,15

In particular, mobility is the most studied and most rele-
vant physical ability affecting quality of life with strong prog-
nostic value for disability and survival.16 In fact, walking is a
component of activity of daily living (ADL), and it is important
for the main determinants of quality of life in older age such
as maintaining independence in ADL, enjoying an adequate
level of social interaction, and retaining good emotional
vitality.17 Although it appears to be an entirely unsophisti-
cated automated motor task, maintaining normal gait is a
much complex process requiring intact multisystem function
and coordination.18,19 Actually, effective gait requires the in-
tegration of many physiological systems, including the central
and peripheral nervous systems that create and execute the
motor program, the musculoskeletal system that moves and
supports the body, and the cardio-pulmonary function that
provides perfusion of adequate nutrients and oxygen to all
of the integrated parts. With an increase in age, physiologi-
cally characterized by a decrease in lean mass, bone mineral
density and, to a lesser extent, fat mass disturbances in either
one of these functions20,21 affect parameters of gait (i.e.
speed, stride length, and swing time), thus resulting in abnor-
mal gait.22

Gait speed has been described as the ‘sixth vital sign’
because it is a core indicator of health and function in aging
and disease,23–27 as confirmed in 2009 by the International
Academy on Nutrition and Aging Task Force28 and in 2019
by the Canadian Consortium on Neurodegeneration in
Aging.29 However, because most of the studies have relied
on qualitative measurements in a standardized setting, a
great heterogeneity in the adopted protocols emerged and
it made difficult to compare the results. Furthermore, it has
not been yet clarified whether parameters of gait perfor-
mance other than gait speed may also play a role. In fact,

although gait speed showed high effect size for discriminat-
ing between frailty status groups,30 slow gait is a nonspecific
variable, which is also linked to aging and other aging-related
gait disorders. In addition, emerging evidence has shown how
many genetic and non-genetic factors (environment and dis-
ease) are likely to affect quantitative complex traits such as
gait speed.

The complexity and the multidimensionality of gait make it
difficult to clarify its real role in a potentially frail population.
Thus, the objectives of the present systematic review were

• to highlight the great heterogeneity in the protocol and
the parameters adopted when dealing with gait aspects,
paying attention to its role as a predictor for frailty or an
outcome’s measurement;

• to summarize all the information related to how gait and/
or related parameters have been measured in the differ-
ent frailty models or tools;

• to report how the gait and/or related parameters adopted
may have influenced the estimated frailty in both
population-and clinical-based settings; and

• to show how the gait and/or related parameters affected
the health-related outcomes of the various studies, that
is, clinical (mortality, hospitalization rate, geriatric
syndromes, functional status, and quality of life),
cognitive [mild cognitive impairment (MCI), Alzheimer’s
disease (AD), dementia, and neuropsychological tests],
physical (laboratory-based biomarkers, physical activity,
sensorial impairments, and falls), and nutritional outcomes
(malnourished status assessed through diet energy/
nutrient intakes and/or validated scales).

Methods

Information sources, search strategy, and eligibility
criteria

The present review was conducted following PRISMA
guidelines.31 No protocol for the study has been published.
Two of the authors (I. B. and L. L.) independently conducted
an extensive literature search. The databases PubMed,
Scopus, and ISI Web of Knowledge were screened using the
following combination of keywords: (‘gait’ OR ‘gait analysis’)
AND (‘frailty’) AND (‘cognitive’ OR ‘cognition’ AND ‘impair-
ment’). Observational studies considered as eligible for the
present review were those that met the following inclusion
criteria: published as an original article in scientific journals
up to June 2020; available entirely in English; defining a frail
population/cohort through a validated frailty model32; indi-
cating the assessment of gait impairment; indicating a cogni-
tive screening; and involving population aged >50 years.
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In relation to the classification of frail individuals, we de-
cided to consider primary frailty as defined by Xue and
colleagues33: a unique clinical entity in itself and its underly-
ing pathophysiology is separable from other disease-specific
processes. We then excluded all the studies involving second-
ary frailty, where frailty is clinically in conjunction with signs
and symptoms of a pre-existing disease (e.g. congestive heart
failure) or a direct consequence of the pre-existing disease or
an acute health event (e.g. hip fracture).33 The exclusion
criteria adopted were as follows: repeated in the databases;
included as editorials, reviews, reports of experience,
abstracts published in events, monographs, dissertations or
theses, review studies, and meta-analyses; involving only
older people with a specific disease (hypertension, diabetes,
arthritis/arthrosis, cardiovascular diseases, AD, and
Parkinson’s disease); and involving treatment or intervention.
Neither randomized controlled trials nor interventional stud-
ies have been considered as eligible. Potentially relevant arti-
cles were identified by reading the abstract and, if necessary,
by reading the full text version of the article.

Risk of bias was assessed using the checklist published by
the US National Heart, Lung and Blood Institute for observa-
tional cohort and cross-sectional studies (https://www.nhlbi.
nih.gov/health-topics/study-quality-assessment-tools), con-
sidering all the criteria except those related to the outcome
(Items 8 and 11). In order to deal with publication bias, we
did not limit our search to only journal articles indexed in
cited repositories, but we searched for results through other
routes including references on potential relevance to be
added to the review if inclusion criteria were met.

Data extraction

Firstly, the following information was collected from the se-
lected studies: location (country) where the study was con-
ducted and number and characteristics of the sample
involved. Secondly, frailty tools, gait protocols, objectives,
outcomes, and main findings were extracted. The procedures
for selection of eligible studies involved reading the titles, ab-
stracts, and the studies in full. Studies that did not meet the
inclusion criteria or did not address the research question
were excluded.

Frailty models and domains
In the present study, we chose to focus on the physical, psy-
chological, and social domains of frailty to reflect the multidi-
mensional nature of this concept. Based on earlier systematic
review articles,4 the factors nutritional status, physical activ-
ity, mobility, strength, energy (physical domain), cognition,
mood (psychological domain), and social relations/social sup-
port (social domain) were selected as essential factors in
frailty assessment (Table 1). It was judged whether the frailty
tools used for the diagnosis covered these frailty factors. In

addition, for frailty tools, we identified two categories:
multi-domain and single-domain frailty tools. The
multi-domain tools focus on a broad concept of frailty and in-
clude losses in the medical, psychological, cognitive, func-
tional, and social domains. On the other hand, the
single-domain tools solely focus on one frailty phenotype
such as social frailty, cognitive frailty, or physical frailty.

Gait protocols
All items regarding gait or walking abilities were extracted
from the following protocols. We looked for the kind of test
adopted to measure mobility performance, the parameters
analysed, and if any technological devices have been used.
We reported whether:

• Gait speed was aimed over a short distance (maximum
20 m); reported as a continuous measure with measures
of central tendency (mean and/or median) and distribu-
tion [standard deviation (SD) and/or range]; reported as
categorical measures; measured as a straight walk on a
level indoor surface with no turns (excluding walking on
treadmill); and timed under same conditions (i.e. while
performing tasks accepted only if single tasks were re-
ported too).

• Dual-task gait, defined here as walking while performing a
cognitively demanding task, has been performed to isolate
the cognitive component of locomotion and provide in-
sights into the mechanisms of motor control.

• Gait variability, fluctuations in temporal and spatial gait
parameters, have been measured.

Table 1 Frailty instrument domains

Frailty domain Operationalization

Nutritional status Body weight
Appetite
Body mass index
Nutritional assessment

Physical activity Level of physical activity
Leisure time physical (group) activity

Mobility Difficulty or needing help walking/moving
in and around the house
Gait speed

Energy Tiredness
Energy level (e.g. exhaustion/fatigue)

Strength Lifting an object that weighs over 5 kg
Weakness in arms and/or legs
Performing chair stands
Climbing stairs
Grip strength
Calf muscle circumference

Mood Depression/depressed mood
Sadness
Anxiety
Nervousness

Cognition Memory problems
Diagnosed dementia or cognitive
impairment

Social relations/social
support

Social resources (when help is needed,
can someone provide this?)
Emptiness/missing people around
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Health-related outcomes
Study outcomes have also been extracted and grouped ac-
cording to the nature of the measure (as shown in Figure 1):

i clinical domain in case of measurable changes in health,
function, or quality of life that result from the study sample
(i.e. hospital readmission rates or by agreed scales and
other forms of measurement, disability, mortality, etc.);

ii cognitive domain when a diagnosis of MCI, AD, and de-
mentia has been made or cognitive impairment in specific
domains;

iii physical domain when related to changes in physical vari-
ables (i.e. sensorial impairments, balance, falls,
laboratory-based biomarkers, and physical abilities); and

iv nutritional domain when related to a diagnosis of mal-
nourished status assessed through diet energy/nutrient
intakes and/or validated scales.

Results

Included studies

At first, the literature search generated 309 articles
among the three databases consulted (Supporting

Information, Table S1). After combining the results, 229 arti-
cles were present in our database. Twenty-three studies were
identified through other sources and included in the process.
While screening all titles and abstracts, 124 hits were ex-
cluded because they were not referenced as original journal
articles, and 80 were excluded because they were duplicates.
Then another seven papers were further excluded because (i)
they focused on a different topic, (ii) they included gait tests
not designed for a frail population, and (iii) different popula-
tions were investigated. Finally, 85 studies were included in
the present systematic review according to the inclusion
criteria. A detailed overview of this process can be found in
Figure 2.

The research questions of the included papers were clearly
stated, and the study population was clearly specified and de-
fined. The authors assessed a sufficient participation rate of
eligible persons, and all the subjects were recruited from sim-
ilar populations, with prespecified inclusion and exclusion
criteria being applied uniformly to all participants. Most of
the studies did not provide neither sample size justification
nor power description. However, they included such limita-
tions in the Discussion section. Because the inclusion criteria
for the selected papers considered non-clinical population,
the outcome assessors were blinded to the exposure status
of participants, although the authors did not clearly state it
in the text. For longitudinal studies, the loss to follow-up
was less than 20%. All the included studies considered key

Figure 1 Health-related outcomes extracted and grouped according to the nature of the measure (clinical, cognitive, physical, and nutritional) in re-
lation to gait.
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potential confounding variables measured and adjusted sta-
tistically for their impact on the relationship between
exposure(s) and outcome(s) (Table S2).

The characteristics of the selected studies indicated there
were more articles published in the last 5 years (n = 61,
71.8%). Regarding sample size, there were variations in quan-
tity, ranging from 43 older subjects in a cross-sectional study
to 49 283 participants in a multicentre cohort study. There
was a predominance of cross-sectional studies (n = 53,
62.4%), with a slight prevalence of population-based studies.
According to the frailty phenotype, 57 studies used the phys-
ical phenotype model proposed by Fried and colleagues,34 a
single-domain frailty tool. Twelve of them assessed also other

frailty phenotype models in both physical and cognitive do-
mains as did other 17 studies. Only four articles referred to
other single-domain frailty tools (social or cognitive). It is
worth noting that several articles considered physical func-
tion deficits to be characterized by slow walking speed or/
and lower grip strength. According to the gait protocol, half
of the study used gait speed as parameter for slowness
(expressed in metre per second) and as indicator of gait per-
formance for additional assessment. One-third of the study
used gait time, measured in seconds. We did not observe a
preferred protocol for measuring gait speed; however, the
majority of the studies used 2.4, 4.6, and 6 m walks. The
cut-off values for each measurement also differed from one

Figure 2 PRISMA 2009 flow diagram of retrieved and selected studies.
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study to the other. Twenty per cent of the studies did not
refer to any specific cut-off value, while 12.9% considered
1 m/s as the discriminative gait speed to separate frailty sub-
jects from healthy pairs (Table S3).

A detailed overview of the included studies is reported in
Table 2 where we showed the general information of the
study (location, type, sample number, and age range), the
frailty model adopted (index/phenotype and domain) with
the related gait parameters and protocols, and finally, the rel-
ative estimated relationships to the study outcomes. In
Figure 3, we showed the distribution of the included articles
in terms of frailty models (and related domains) in relation to
the selected gait parameters and protocols. Figure 4 depicted
the distribution of the included articles in relation to the
health-related outcomes investigated and the gait parame-
ters adopted. We then summarized the major findings each
included study reported according to both the influence of
gait in the frailty models adopted and the role of gait param-
eters with respect to selected health-related outcomes.

Influence of gait in different frailty models

Among the 18 studies that reported as outcome the identifi-
cation of frailty status in the older population, only few of
them investigated the specific influence of gait in relation
to the frailty model/phenotype. Other studies that revealed
these associations were those where new frailty phenotypes
have been proposed (Table 2, last column).

Raji and colleagues40 showed that the percentage of par-
ticipants who became frail from non-frailty status by slow-
ness (walk speed) criterion alone increased from 17.6% to
25% in people with low cognition and from 15.8% to 18.1%
in normal population. Garcia-Garcia and colleagues44 re-
ported that slowness was the prevalent criterion of the frailty
status (24.1% in 1972 subjects) in the Toledo Study on
Healthy Aging, like the results obtained by Chen and
colleagues63 from the Sasaguri Genkimon Study (17.1% in
1527 older people). Other studies reported higher prevalence
of slowness among frailty items,75,83 while Yoon and
colleagues104,105 reported lower percentage, although the
sample size was significantly reduced.

Two studies focused also on impaired balance as a poten-
tial contributor to frailty, with conflicting results: Kang and
colleagues37 presented the first report on quantitative
posturography measures in frail individuals during a
dual-task paradigm showing that the index of complexity
[odds ratio (OR): 0.303; 95% confidence interval (CI): 0.114–
0.805], centre of pressure path length (OR: 1.002; 95% CI:
1.000–1.004), and root mean square (RMS) of high-pass fil-
tered sway signal (OR: 10.3; 95% CI: 1.312–80.76) were signif-
icantly associated with frailty, while Davis and colleagues43

concluded that balance and mobility were not sufficient to
define a participant as frail.

Thirteen studies showed the influence of gait parameters
in relation to different frailty instruments. In particular,
Cherubini and colleagues64 found that only slow gait speed
(OR: 19.65; 95% CI: 4.69–82.35) and mobility issues (OR:
18.04; 95% CI: 3.11–104.78) were significantly associated
with the condition of frailty in the absence of disability.
Badrawasi and colleagues79 found that rapid pace gait speed
was a significant frailty predictor. Hartley and colleagues87 re-
ported a strong association between higher admission Clinical
Frailty Scale (CFS)120 and lower discharge usual gait speed
(OR: 0.57; 95% CI: 0.50–0.65), not explained by variation in
age, sex, presence of cognitive impairment, or illness acuity,
thus providing the CFS maybe a valid measure of frailty in
clinical settings. Lee and colleagues90 found that while use
of either gait speed or grip strength alone was sensitive and
specific as a proxy for the Fried frailty phenotype, the
dual-trait measure of gait speed with grip strength was accu-
rate, precise, specific, and more sensitive than individual
traits and other possible dual-factor combinations.
Montero-Odasso and colleagues75 found that only slow gait
was cross-sectionally associated with being cognitively im-
paired (OR: 2.14; 95% CI: 1.13–4.05). Shimada and
colleagues101 developed a new operational definition of cog-
nitive frailty as the concomitant presence of physical frailty
(as slow walking speed or muscle weakness), cognitive im-
pairment, and a sign of impairment in word list memory, at-
tention, executive function, or processing speed in the
National Center for Geriatrics and Gerontology-Functional
Assessment Tool. However, no data were shown about the
influence of slowness in this new operational frail model.
Yu and colleagues106 reported that subjects with cognitive
frailty were characterized by lower gait speed. Zhong and
colleagues107 showed that older adults had significantly
decreased speed and step frequency under the dual cognitive
task condition. Pre-frail older adults showed significantly
decreased speed, mediolateral RMS, vertical RMS,
anteroposterior RMS, vertical amplitude variability, and verti-
cal step regularity compared with non-frail older adults
(P < 0.05). Zhou and colleagues116 confirmed previous
studies demonstrating that gait speed is the most important
indicator of the frailty syndrome (OR: 0.082; 95% CI: 0.007–
0.947).

Four studies explored the ability of slow gait speed in
contributing to the definition of frailty status according to
Gerontopole Frailty Screening Tool,47 comprehensive geriat-
ric assessment,60 ‘Vozrast ne pomekha’,102 and targeted ge-
riatric assessment,94 concluding that gait speed was the
most frequently observed frailty criterion in their popula-
tion and thus supporting the cycle of frailty hypothesis
put forth by Fried and colleagues.34 Only Tsutsumimoto
and colleagues92 investigated the association between so-
cial frailty and physical function, defined through gait speed
and grip strength, and they found that gait speed also var-
ied between social frailty groups (all Ps for trend < 0.001).
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Finally, Maggio and colleagues117 and Özsürekci and
colleagues118 investigated the construct validity of novel
frailty indices (respectively, the nine-item Sunfrail Checklist
and the 9-Point CFS) through the correspondence between
some checklist items with different domains, including gait
speed.

The role of gait in the different categorized
health-related outcomes

Clinical domain
In particular, the present findings suggest that gait speed was
the strongest predictor of chronic36 and incident disability,66

Figure 3 Distribution of included studies in relation to frailty models (and related domains) in relation to the selected gait parameters and protocols.

Figure 4 Distribution of included studies in relation to the health-related outcomes investigated and the gait parameters adopted.
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especially in co-occurrence of MCI67,69,70 and long-term hos-
pital stay.36 Four studies showed that there was a main effect
of gait impairment for predicting mortality and dependence
in different settings.71,88 Brown and colleagues55 explored
these issues in the older depressed group, while
Jotheeswaran and colleagues68 in a large population-based
cohort study on older people in Latin America, India, and
China. Tabue-Teguo and colleagues71 have shown that mea-
sures of gait and psychomotor speed contributed to define
subjects with an increased risk of dying. Hernández-Luis and
Martín-Ponce88 showed how mortality at 100 days and
long-term survival were closely related to physical function
capacity in older hospitalized patients.

Finally, three studies investigated the role of gait speed in
contributing to quality of life, measured in different
aspects.45,54,78 Chang and colleagues45 reported that slow-
ness was the major contributor to a worse score of seven
of eight subscales of Short Form (36) Health Survey.
Alexandre and colleagues54 observed that in polypharmacy,
joint disease and chronic pain were similarly associated with
slowness. Ayers and colleagues78 carried on the first study
showing that apathy symptoms may predict incident frailty
and motoric decline among non-demented, community-
dwelling older adults as well being an independent risk factor.

Cognitive domain
Boyle and colleagues39 reported, in a study that used 12 years
of annual follow-up data, that physical frailty was associated
with a high risk of MCI, such that each 1 unit (grip strength,
timed walk, body composition, and fatigue) increase in phys-
ical frailty was associated with a 63% increase in the risk of
MCI. Auyeung and colleagues41 showed that physical frailty,
as indicated by low body weight, weaker grip strength, slower
performance in the chair stand test, and shorter step length
in men and weaker grip strength in women, was associated
with a decline in Mini-Mental State Examination (MMSE)
score over a 4 year period. Montero-Odasso and colleagues75

showed that cognitive frailty may embody two different man-
ifestations, slow gait speed and low cognition, of a common
underlying mechanism. Participants having slow gait and cog-
nitive impairment had significantly higher incidence of de-
mentia, 12% with an incidence rate of 130 per 1000 person-
years. Veronese and colleagues76 found that slow gait speed
predicted the onset of cognitive decline at 4.4 year follow-up.
Hooghiemstra and colleagues89 found associations between
slower gait speed and worse baseline performance on mea-
sures of memory, attention, information processing speed,
and verbal fluency. However, cox proportional hazards
models showed no associations between baseline gait speed
and grip strength and clinical progression to MCI or
dementia.

Nyunt and colleagues91 reported that almost two-thirds of
community-dwelling older adults with MCI manifested physi-
cal frailty or pre-frailty, including low lean muscle mass, low

muscle strength, slow gait speed, exhaustion, and low physi-
cal activity, as well as balance and gait impairment, which
posed elevated risk of falls, in greater proportions compared
with their cognitively normal counterparts. Doi and
colleagues96 showed that co-occurrence of MCI and slow gait
speed had a high risk of dementia compared with that of
each condition alone. Garcia-Cifuentes and colleagues85 re-
ported that Colombian older adults who had low handgrip
strength and gait speed had an increased risk to suffer of cog-
nitive impairment, regardless of age, sex, education, or body
mass index (OR: 2.76; 95% CI: 1.83–4.15). Hartley and
colleagues87 reported a relationship between the
pre-admission levels of frailty, as assessed by the CFS, which
is based on clinical judgement, and objectively measured
usual walking speed, assessed on the day of discharge from
hospital. They observed a strong association between higher
admission CFS and lower discharge usual walking speed, re-
gardless of variation in age, sex, presence of cognitive impair-
ment, or illness acuity. Hsueh and colleagues98 demonstrated
a positive relationship between frailty and Alzheimer’s Dis-
ease 8 scores, a brief questionnaire used to differentiate nor-
mal aging from dementia, among older individuals showing
that the OR of frailty for individuals with Alzheimer’s Disease
8 scores ≥ 2 was 5.3.

Yassuda and colleagues49 firstly added new information to
the international literature on frailty and cognition as it in-
cluded other cognitive measures (delayed memory recall,
verbal fluency, and Clock Drawing Test), in addition to the
MMSE, showing that frail older adults more frequently pre-
sented with cognitive impairment. They also found that gait
speed was associated with executive functions (verbal flu-
ency and Clock Drawing Test). McGough and colleagues52 re-
ported similar results in a baseline cross-sectional analysis of
data coming from a randomized controlled trial of psychoso-
cial and exercise interventions for sedentary older adults with
amnestic MCI. They found that faster usual gait speed was as-
sociated with lower severity of cognitive impairment, as mea-
sured with the Alzheimer’s Disease Assessment
Scale-Cognitive Subscale. In addition, faster usual gait speed
was associated with better performance in cognitive dimen-
sions of attention, executive function, and immediate recall.
Shimada and colleagues53 reported the prevalence of com-
bined physical and cognitive decline in a sample of 5104 older
community dwellers in Japan (2.7%). In a subsequent pro-
spective study, the same authors found that dementia risk
was significantly associated with cognitive impairment and
cognitive frailty; in particular, the dementia incidence risk in
the cognitive impairment and cognitive frailty groups was
2.1 and 3.4 times higher than in the healthy group,
respectively.101 O’Halloran and colleagues57 investigated
whether sustained attention performance and variability
were associated with pre-frailty and frailty in the Irish Longi-
tudinal Study on Aging. They found that the fast variability
measure was only the mean reaction time and fast variability
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measures were significantly associated with pre-frailty and
frailty. In addition, among the younger 50–64 age group, a
1 SD increase in mean reaction time correlated with a 39% in-
creased risk of being frail on the low gait speed component,
while among the older 65+ age group, a 1 SD increase in
the fast variability measure was correlated with a 31% in-
creased risk of being frail on the low gait speed. Chou and
colleagues108 showed that the slowest gait speed group
showed a significantly greater decline in Digit Symbol Substi-
tution Test scores, a test evaluating processing speed, over
10 years than the highest group, but not in the MMSE scores.
Kim and Won113 recently reported that cognitive impairment
domains, such as processing speed and executive function,
were associated with sarcopenia-related slow gait speed.
Umegaki and colleagues115 demonstrated that pre-frailty
was associated with lower memory and processing speed
performance, but not with other cognitive domains. Among
the components of the physical phenotype of frailty, slow gait
speed and loss of physical activity were significantly associ-
ated with slow processing speed as assessed by the Digit
Symbol Substitution Test.

Fougère and colleagues83 analysed the relationship be-
tween cognition and the components of the physical pheno-
type of frailty. Their results supported the idea that physical
frailty, and more specifically slow gait speed, was associated
with cognitive impairment. Yoon and colleagues104 reported
that slowness presented significant correlations with process-
ing speed, working memory, and memory in older rural resi-
dents. Yu and colleagues106 found that cognitive frailty may
be defined as the occurrence of both cognitive impairment
and pre-frailty, not necessarily progressing to dementia. In
fact, compared with participants who were robust and cogni-
tively intact at baseline, those who were pre-frail and with
overall cognitive impairment had lower grip strength, lower
gait speed, poorer lower limb strength, and poorer perfor-
mance in memory delayed recall at Year 4. These cognitive
frail subjects had also an increased risk of poor quality of life
and incident physical limitation at Year 4, increased cumula-
tive hospital stay at Year 7, and mortality over an average
of 12 years after adjustment for covariates. Sathyan and
colleagues114 reported that higher levels of frailty, diagnosed
using a 41-point cumulative deficit frailty index where slow
gait was not included, increased risk for developing motoric
cognitive risk syndrome (MCR). Shim and colleagues demon-
strated that individuals with MCR had an increased risk of
poor cognitive profile related to brain frontal and prefrontal
function, because they observed that MCR was associated
with deficits in global cognition, processing speed, and exec-
utive function, but not delayed free recall memory.119 In-
creasing gait speed related to lower Everyday Cognition
Scale total score, quantifying subjective cognitive decline,
and lower memory scores has been observed by Gifford
and colleagues111 who also suggested a possible sex differ-
ence in the clinical manifestation of frailty, with primary

associations noted in women. De Cock and colleagues80,95

suggested that multifactorial gait analysis could be more in-
formative than using gait analysis with only one test or one
variable. They confirmed that gait speed, mean number of
steps per metre (similar to step or stride length) and swing
time variability (equal to step time variability), was associated
with the severity of cognitive impairment at usual pace.
These findings were confirmed also by Doi and colleagues109

who suggested that gait speed, stride length, and stride vari-
ability were significantly related to incident dementia among
the full sample. Only two studies suggested that alternative
methods, like Time Up and Go (TUG) test99 or
Upper-Extremity Function,110 may provide a more sensitive
and specific model for predicting cognitive status in compar-
ison with gait because walking is a routine daily activity, min-
imum skill learning is involved in its performance.

Finally, two studies investigated the role of Dual Task Con-
dition during gait in characterizing frailty subjects and frail
with cognitive impairments59,74: they concluded that gait per-
formance was significantly different in regularity and symme-
try for both the frail and frail with cognitive impairment
groups compared with the control group, but no differences
were observed between the frail and frail + MCI groups.
These results indicated that the performances related to
the dual-task costs were likely independent of the MCI level.
A possible explanation for the lack of differences in the func-
tional tests between the frail individuals with and without
MCI was the sample size and the fact that the categorization
of gait impairments has not yet been studied using the
dual-task paradigm.

Physical domain
Rothman and colleagues36 carried on a longitudinal study of
754 initially nondisabled, community-living persons aged 70
and older for 96 months. They found that slow gait speed
was the only significant predictor of injurious falls (hazard ra-
tio: 2.19; 95% CI: 1.33–3.60). Shimada and colleagues38

showed that clinical tests of neuromuscular functioning may
be able to predict risk of falling in frail older people. In fact,
in the validation study, univariate analyses identified several
tests as being able to discriminate between fallers and
non-fallers (one-leg standing test, tandem walking test, 6 m
walking speed at a comfortable pace, 6 m walking speed at
maximum pace, and TUG tests). In contrast, only the tandem
walking test was identified as a clinically relevant indepen-
dent predictor of falls by multiple logistic regression analysis.
When performance was dichotomized, only the 6 m walking
speed at a comfortable pace, one-leg standing, and 6 m walk-
ing speed at maximum pace tests remained statistically signif-
icant predictors of falls. Langlois and colleagues46 found that
physical capacity measures (i.e. functional capacities, physical
endurance, gait speed, and mobility) were significantly lower
in frail participants.
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Doi and colleagues67 supported the idea that slow gait and
MCI were related and concurrently associated with falling
(OR: 1.99; 95% CI: 1.08–3.65), collected as fall history in a
face-to-face interview. Similar findings have been previously
observed by Casas-Herrero and colleagues,51 where the
authors reported an association between the decrease in gait
speed with arithmetic tasks (Dual Task Condition) during the
TUG test with the risk of falls (assessed using questionnaires)
in both the frail and frail + MCI groups, even though no differ-
ences were observed between the two groups in the physical
outcomes. Finally, Malini and colleagues73 assessed fear of
falling by Falls Efficacy Scale International in a
cross-sectional study on 742 participants from the Research
Network Frailty in Brazilian Older People, specifically the Rio
de Janeiro section. They found that diminished gait speed
was associated with fear of falling (OR: 1.64; 95% CI: 1.04–
2.58). Martínez-Ramírez and colleagues74 revealed no signifi-
cant differences in gait kinematic performance between the
frail + MCI and frail groups for either the habitual gait test
or the dual-task gait tests. Nevertheless, the kinematic pa-
rameters demonstrated significantly better performance for
the control group than the frail and frail + MCI groups.
Furtado and colleagues84 reported that significant correla-
tions were found between FS and endurance, agility–dynamic
balance, and upper and lower limb muscle strength tests.

In a large cross-sectional study, Yamada and colleagues58

showed that visual and hearing impairments were associated
with higher rates of balance problems, defined as exhibiting
difficulty in standing, difficulty turning around, dizziness, or
unsteady gait. Subsequently, in the Health, Aging and Body
Composition study, Kamil and colleagues121 demonstrated
that older adults with moderate-or-greater hearing impair-
ments had a 63% increased risk of being frail, defined as a
gait speed of <0.60 m/s and/or inability to rise from a chair
without using arms.

Yoon and colleagues105 explored the associations between
accumulation of amyloid-β in the brain as a brain imaging bio-
marker and phenotypes of physical frailty (weight loss, weak-
ness, exhaustion, slowness, and low physical activity) in older
adults with MCI and cognitive frailty from the Korean Brain
Aging Study for Early Diagnosis and Prediction of Alzheimer’s
Disease. They found that mean cortical region of interest and
regional standardized uptake value ratios were associated
with gait speed, TUG, and Short Physical Performance
Battery.

Three studies investigated the relationship among gait
speed and insulin-like growth factor-1 (IGF-1).65,72,97 They
found that low serum IGF-1 was associated with reduced cog-
nitive function and gait speed, particularly with a combina-
tion of MCI and slow gait,65,97 predicted incident disability
among community-dwelling older adults,72 thus confirming
the hypothesis that decreased IGF-1 is considered to be
caused by cumulative molecular and cellular damage and
leads to frailty in older population.97 Dokuzlar and

colleagues81 reported no significant difference in
sub-parameters of the Fatigue, Resistance, Ambulation, Ill-
nesses, and Loss of Weight questionnaire (Morley and
colleagues122) and the physical frailty phenotype operational-
ized with Fried criteria34 (specifically ambulation and slow-
ness) between patient groups divided based on vitamin B12
level above or below 400 pg/mL or state of frailty.

Finally, Camicioli and colleagues61 examined if handwriting
parameters were associated with gait performance, weak-
ness, poor endurance/exhaustion, and cognitive impairment.
They reported that gait was not significantly associated with
overall writing velocity although lower overall writing velocity
was found in subjects characterized by slow gait velocity.
Hanton and colleagues86 identified statistically significant dif-
ferences between functionally intact and frail participants in
mobile phone-derived measures of per cent activity, active
vs. inactive status, average step counts, and gait speed.

Nutritional domain
Several interrelated factors may contribute to the
aetiopathogenesis of frailty syndrome. Significant body of ev-
idence is available regarding the relationship among insuffi-
cient protein and caloric intake with sarcopenia and
frailty.123 In the InCHIANTI study, Bartali and colleagues35

found that daily energy intake ≤ 21 kcal/kg body weight
was significantly associated with frailty (OR: 1.24; 95% CI:
1.02–1.5). This study also analysed the association between
frailty and nutrients, and after adjusting for energy intake,
low intakes of protein (OR: 1.98; 95% CI: 1.18–3.31), vitamin
D (OR: 2.35; 95% CI: 1.48–3.73), vitamin E (OR: 2.06; 95% CI:
1.28–3.33), vitamin C (OR: 2.15; 95% CI: 1.34–3.45), and fo-
late (OR: 1.84; 95% CI: 1.14–2.98) were significantly and inde-
pendently related to frailty. However, they found no
association between gait-related criteria and frailty pheno-
type. In the Women’s Health and Aging Studies, Beasley
and colleagues42 showed that a 20% increase in uncalibrated
protein intake (% kcal) was associated with a 12% (95% CI: 8–
16%) lower risk of frailty and that a 20% increase in calibrated
protein intake was associated with a 32% (95% CI: 23–50%)
lower risk of frailty.

Two studies showed an association between Mediterra-
nean diet [based on a Mediterranean Diet Score (maximum
9 points) evaluated by an interview-based food frequency
questionnaire] and frailty.48,50 In the InCHIANTI study, 690 pa-
tients aged ≥65 years were included and followed up for
6 years. Results showed that higher adherence (score ≥ 6)
to a Mediterranean-style diet was associated with lower odds
of developing frailty (OR: 0.30; 95% CI: 0.14–0.66) compared
with those with lower adherence (score ≤ 3) and that higher
adherence to a Mediterranean-style diet at baseline was also
associated with a lower risk of low physical activity (OR: 0.62;
95% CI: 0.40–0.96) and slow walking speed (OR: 0.48; 95% CI:
0.27–0.86), but not with feelings of exhaustion and poor
muscle strength.48 In another study, Bollwein and
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colleagues50 showed that the risk of being frail was signifi-
cantly reduced in the highest quartile of the Mediterranean
Diet Score (OR: 0.26; 95% CI: 0.07–0.98). In line with these re-
sults, León-Muñoz and colleagues56 observed that being in
the highest tertile of Mediterranean Diet Adherence Screener
score was associated with a reduced risk of slow walking (OR:
0.53, 95% CI: 0.35–0.79). Furthermore, Rahi and
colleagues100 found that Mediterranean diet adherence was
associated with a significantly reduced risk of incident slow-
ness (OR: 0.45, 95% CI: 0.20–0.99). Chan and colleagues,62

in contrast, reported no association between other dietary
patterns and incident frailty. Their study showed that a better
diet quality as characterized by higher Dietary Quality
Index-International was associated with lower odds of devel-
oping frailty.

In a large cross-sectional study, Arjuna and colleagues77

found that range of gait speeds observed in their study for
the rural and urban participants (i.e. 0.34 to 0.72 m/s) was
substantially slower than for predominantly Caucasian and
Afro-American older community-living adults (0.70 to
1.42 m/s) and comparable with institutionalized Western peo-
ple aged 90 years or more (0.49 ± 0.21 m/s for 90 years and
0.43 ± 0.19 m/s for 95+ years), highlighting the necessity for
different cut-off values for specific ethnicities. In addition, they
reported a positive correlation among biomarkers of nutri-
tional status, such as energy and protein intake, and gait speed
showing a decrease in gait speed as nutritional status changed
frommalnourished to at risk of malnutrition to well nourished.

Finally, Wei and colleagues93,103 found that changes in nu-
tritional states were associated with frailty state transitions.
They reported that Mini Nutritional Assessment at risk/mal-
nutrition was highly significantly associated with pre-frailty
(OR: 2.11; 95% CI: 1.80–2.46; OR: 6.71; 95% CI: 3.43–13.1)
and frailty (OR: 2.72; 95% CI: 1.84–4.02; OR: 17.4; 95% CI:
6.68–45.3). Also, in one of the studies (Wei et al.103), being
at risk of malnutrition/malnourished at baseline was associ-
ated with increased odds of prevalent pre-frailty (OR: 2.76;
95% CI: 1.86–4.10) and frailty (OR: 4.10; 95% CI: 1.41–11.9)
as baseline robust individuals who were persistently at risk
of malnutrition/malnourished showed an increased odds of
conversion to being pre-frail/frail at follow-up (OR: 3.45;
95% CI: 1.00–11.9). However, no specific contribution of slow-
ness has been investigated in relation to the nutritional
status.

Discussion

In the present systematic review, retrieving and evaluating
original studies that assessed how gait is measured in the frail
population and how the gait parameter adopted may influ-
ence the estimated frailty phenotype and health-related out-
comes, gait appeared to be an indicator of health and

function also in frail older adults. No previous attempts have
been made in trying to clarify the complexity and the multidi-
mensionality of gait in different settings and with different
frailty models or tools. We were then able to highlight the
great heterogeneity in measurement protocols in both
clinical-based and population-based settings that could repre-
sent an important issue causing variability in the different out-
comemeasures. For different frailty phenotypes, some studies
reported that not only gait speed but also other gait parame-
ters may help in categorizing either frail subjects and the com-
bination of frailty and MCI (cognitive frailty phenotype) and
that all physical function tests significantly varied between so-
cial frailty groups (social frailty phenotype). Therefore, com-
bining various gait parameters may enhance frailty
prediction and classification of different frailty phenotypes.
Gait parameters appeared to predict adverse health-related
outcomes in clinical, cognitive, and physical domains and, to
a lesser extent, in nutritional domain, as shown in Figure 2
and extensively discussed in the Results section.

The transition from a robust status to one of age-related
disability is usually preceded by a physiological state termed
frailty.4,124 Although frailty can be characterized using classi-
cal clinical phenotypes and laboratory-based biomarkers, a
consensual definition of frailty has been proposed, but an op-
erational assessment remains to be agreed upon.5 In fact, this
clinical construct may include sensorial, physical, social, cog-
nitive, psychological/depressive, and nutritional
phenotypes.125 Therefore, it is not surprising that over 40 op-
erational definitions of frailty have been proposed but, to
date, a formal consensus is still lacking. The most prominent
approach used to assess frailty is using the physical frailty
phenotype.34 Following this model, frailty is diagnosed based
on the presence of at least three of the five physical attri-
butes and capabilities of an individual. These include weight
loss (unintentional weight loss of 4.5 kg or more in the last
year), exhaustion (mostly self-reported), physical inactivity,
slow walking speed, and weakness (low grip strength).
Among these criteria, gait speed has been reported as one
of the strongest to predict adverse outcomes, such as mobil-
ity disability, falls, or hospitalization. Despite this fact, gait
analysis has not been used in routine assessment of frailty
status. Little is known about the association between gait pa-
rameters other than gait speed and categorical frailty status.
The present findings confirmed those coming from another
systematic review suggesting that the combination of various
spatio-temporal parameters of gait may enhance the sensitiv-
ity and specificity of frailty risk prediction and classification.30

Adachi and colleagues126 showed how maximum step length
also showed good predictive accuracy for usual walking
speed < 0.8 m/s. Recently, Grande and colleagues,127 in an-
other review article, summarized the evidence concerning
the association of slow gait speed with cognitive decline
and dementia and discussed the possible shared pathways
leading to cognitive and motor impairments, under the
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unifying hypothesis that body and mind are intimately con-
nected. They concluded that the measurement of gait speed
may improve the detection of prodromal dementia and cog-
nitive impairment in individuals with and without initial cog-
nitive deficits.

Limitations of the present systematic review included the
inability to combine aggregate-level data reported in each
primary study to perform a meta-analysis in order to
strengthen our work. Thus, we were not able to state that
we recognized the specific contribution of one or more gait
parameters in the definition of frailty neither in the assess-
ment of different outcomes. Thus, advances in technology
during the last decade have provided investigators and clini-
cians low-cost tools for measuring not only speed but also
other gait variables with high validity and practicality in re-
search, clinical, and home settings.128 However, a precondi-
tion for the use of this technology for routine clinical
assessment is a proper understanding of the relationship be-
tween gait parameters and frailty.129,130 Acquiring more in-
formation about gait in older adults defined as frail has
been repeatedly requested131,132 and would enhance our un-
derstanding of ambulation patterns in this vulnerable popula-
tion. Moreover, this information can serve as a reference for
follow-up studies.

Heterogeneity

Although most of the included studies referred to the physical
frailty phenotype34 as a mono-domain frailty tool, there were
variations in the protocol to measure gait speed (Figure 3).
Distance for the timed walk ranged from 4 to 20 m, and one
study51 measured gait speed over two distances (4.8 and
5 m). In addition, two studies reported gait measurements
as categorical values,58,95 and one study considered the num-
ber of steps walked as measure of walking abilities.110 An-
other variation in the protocol was whether timing initiated
from a static or moving start. Where technology-based assess-
ment was used to measure gait parameters, a moving start
was assumed. All the studies measured gait speed using a
self-selected or usual pace. Other terms in the literature to de-
note gait speed at usual pace included comfortable, habitual,
normal, or preferred. Six studies recorded gait speed also dur-
ing dual task.36,51,59,110,112 Overall, the 4 m walk is the most
used version for studies in older people.

Influence of gait in different frailty models

There is a consensus on the definition of physical frailty,
which is well known.34 Almost all of the studies identified
slowness as one of the most prevalent criterions in the defi-
nition of frailty status and observed that walking speed in
the frail population was significantly lower than healthy

controls.40,44,63,75 Only two studies investigated the role of
other components as balance in the definition of frailty37,43

with contrasting results.
Numerous studies examined other models of frailty, fo-

cusing on cognitive and social components. With respect
to the cognitive aspect of frailty, an International Consensus
Group for ‘cognitive frailty’ was organized by the Interna-
tional Academy on Nutrition and Aging and the Interna-
tional Association of Gerontology and Geriatrics in
2013.133 They provided the first definition of ‘cognitive
frailty’ in older adults. Five studies recalled this operational
definition,75,101,104,105 while three other studies considered
either additional measurements of cognitive status82,106

and the recently described MRC,28 defined as the presence
of slow gait and cognitive complaints.83 Results from these
studies were in agreement with a ‘motor signature’ of cog-
nitive decline that shows that slow gait is associated with
cognitive status.

Several studies have shown that older individuals with so-
cial frailty had the highest risks of instrumental activities of
daily living limitations; thus, an operational definition of this
frailty phenotype using simple questions was reported to as-
sess social engagement for older people.134 Social frailty not
only takes into account the role played by the socio-economic
context in determining the vulnerability status in older age
but also can be defined as a continuum of being at risk of los-
ing, or having lost, social and general resources, activities, or
abilities that are important for fulfilling one or more basic
psychosocial needs during the life span.14 Only Tsutsumimoto
and colleagues92 carried on a cross-sectional population-
based study in Japan to investigate the association between
social frailty and cognitive and physical function among older
adults. They found that all physical function tests, character-
ized by slow walking speed or/and lower grip strength, signif-
icantly varied between social frailty groups.

Relationship among gait and categorized study
outcomes

Over the last century, life expectancy has steadily improved
worldwide, and the number and proportion of older people
have markedly increased.135 This trend is expected to con-
tinue in the next few decades, and there will be an unprece-
dentedly large number of older people.135 Older adults are
the main users of health care services and account for most
of the health care costs. Recently, Kojima136 found a dose–re-
sponse increase in health care costs associated with frailty
among community-dwelling older adults.

The present review showed that the majority of the
study investigated the relationship between gait and
clinical-related outcomes (36 out of 85) and almost half of
the study made use of gait speed or time as parameter
for gait measurement (Figure 4). However, the great
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heterogeneity in the adopted protocol did not allow us to
carry out a meta-analysis of the included studies. We
then summarized the major findings according to the
health-related outcomes in order to clarify the contribution
of gait parameters in each domain. Almost the 40% of the
studies reported health-related outcomes in the clinical do-
main, and research findings confirmed that in both the phys-
ical and multidimensional frailty phenotypes, gait appeared
to predict adverse health-related outcomes as disability,
long-term hospital stays, and mortality, thus affecting quality
of life.

Growing evidence has indicated that there is a connection
between frailty and cognitive impairment. For the cognitive
domain, in the present review, almost half of all of the
included studies have reported a longitudinal association
between slowness, measured as gait speed or time, and
rate of MCI in older community-dwelling individuals, even
though the criteria for determining frailty and MCI vary
slightly between studies, as recently reported by Hoogendijk
and colleagues.137 Several studies have shown that
multi-domain cognitive tests, such as those examining gen-
eral cognitive function, memory, and executive function,
were useful for assessing dementia risk in older individuals.
Results suggested that frailty may coincide with MCI in older
adults who exhibit vulnerability factors for both conditions.
Therefore, the concepts of cognitive frailty133 and MCR28

may represent a prodromal stage for neurodegenerative
diseases.

In the stage of more advanced cognitive impairment, slow
gait speed did not seem to predict transitioning to death any-
more. A previous scoping review by Kikkert and colleagues138

also recommended gait analysis, including dynamic gait pa-
rameters, in clinical evaluations of patients with suspected
cognitive decline. In the present review, only five studies re-
ported that no single gait variable, but rather other gait var-
iables or a combination of them could be used or
integrated in order to classify dementia. There was only an
exception with two studies reporting that the magnitude of
the impairment in gait pattern was independent of frailty
and cognitive impairment status,59 probably due to the low
sample size and the category (institutionalized adults). There-
fore, screening for gait dynamics may be useful for identifying
older adults at risk of adverse health-related outcomes such
as cognitive decline.

Fall is a leading cause of mortality in older people. Inci-
dence of fall is high among older people; one-third of older
people aged 65 and older fall every year, and the incidence
of falling increases up to 50% among those 80 years and
older.139 For the physical domain, in the present review, low
gait speed has been reported as associated with injurious falls
in three longitudinal studies, although falling risk has been
assessed in different ways. Besides physical adverse out-
comes as falls, associations were also found between senso-
rial impairments and gait speed. Identification of

laboratory-based biomarkers related to frailty will contribute
to a better understanding of the mechanism of advanced ag-
ing. Among such measurable biomarkers, IGF-1, an important
mediator of growth hormones with protective effects on neu-
robiological processes and in the promotion of skeletal mus-
cle, appeared to be associated with reduced cognitive
function and gait speed, predicting incident disability among
community-dwelling older adults. Preliminary investigations
observed relationship between brain imaging biomarker and
phenotypes of physical frailty, indicating an existing associa-
tion between global standardized uptake value ratio (frontal
cortex, temporal cortex, parietal cortex, precuneus/posterior
cingulate cortex, hippocampus, and basal ganglia) and gait.104

Although several observational studies have shown an as-
sociation between inadequate nutritional intake and frailty,21

very few evidence supported the relationship among gait pa-
rameters and nutrition. Nutritional strategies focused on die-
tary patterns, such as a Mediterranean diet, that can be
protective against frailty and the risk of slow walking
speed.48,50,56,100 A positive correlation between energy and
protein intakes positively correlated with physical function
(grip strength, gait speed, and Fatigue, Resistance, Ambula-
tion, Illnesses, and Loss of Weight questionnaire) has been
observed by Arjuna and colleagues77 in rural and urban Indo-
nesian populations. In contrast, Chan and colleagues62 ob-
served no association between dietary pattern and frailty,
even though their findings may imply that a diet of adequate
energy intake, optimal protein intake, reduced consumption
of fast food, and being rich in plant-based and antioxidant
containing foods, such as vegetables and fruits, is important
for delaying the onset of frailty in Chinese older adults. It
should be noted that different cut-off values indicating higher
risk of malnutrition, frailty, and impaired physical and mental
function need to be determined for specific ethnicities. Mon-
itoring changes in nutritional status is recommended for the
prevention and severity reduction of frailty among older peo-
ple in the community.123,140 As our understanding on the re-
lationship between frailty and antioxidants continues to grow
in terms of molecular mechanisms, the most convincing evi-
dence linking antioxidant nutrition and the prevention of
frailty is probably the association between adherence to
Mediterranean diet (a diet rich in fruits, vegetables, and anti-
oxidant substances) and frailty prevention that has been ob-
served in many cross-sectional and prospective studies
described earlier.22,141

Conclusions

The research on gait in frailty is ongoing, and a consensus on
its definition is still evolving. Our systematic review
highlighted a great heterogeneity in the protocols used to
measure gait, even though the same frail model has
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been used. Such variability determined an impossibility to
quantitatively compare the included studies in terms of
meta-analytic results. Furthermore, little is known about
the association between gait parameters other than gait
speed and categorical frailty status. Because frailty is ac-
knowledged to be a multidimensional concept and several
operational definitions have been proposed, physical
factors always have played an essential role. Gait speed rep-
resents one of the core elements because it is a quick, inex-
pensive, reliable measure of functional capacity with
well-documented predictive value for major health-related
outcomes.

The potential applicability of such a measure in both clini-
cal and research settings points at the importance of
expanding our knowledge about the common underlying
mechanisms of cognitive and motor decline. Furthermore,
combining various spatio-temporal parameters of gait may
enhance the sensitivity and specificity of frailty risk prediction
and classification of different frailty phenotypes. Thus, ad-
vances in technology during the last decade have provided in-
vestigators and clinicians low-cost tools, such as wearable
inertial sensors and actigraphy, for measuring not only speed
but also other gait variables with high validity and practicality
in research, clinical, and home settings. However, whether
gait should be considered a predictive or a responsive bio-
marker is still in debate.

Author contributions

Ilaria Bortone contributed to the conceptualization, method-
ology, investigation, data curation, original draft preparation,
and writing—reviewing and editing; Rodolfo Sardone contrib-
uted to the conceptualization, methodology, and writing—
reviewing and editing; Luisa Lampignano contributed to the
investigation and data curation; Fabio Castellana and Roberta
Zupo contributed to the methodology and validation; Madia
Lozupone wrote, reviewed, and edited the manuscript; Biagio

Moretti supervised the study; Gianluigi Giannelli supervised
the study and contributed to the funding acquisition;
Francesco Panza contributed to the conceptualization, valida-
tion, and writing—reviewing and editing.

Acknowledgements

The authors of this manuscript certify that they comply with
the ethical guidelines for authorship and publishing142 in
the Journal of Cachexia, Sarcopenia and Muscle.

Funding

This study was funded by the Italian Ministry of Health, under
the Aging Network of Italian Research Hospitals.

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. Supporting Information

Table S2. Supporting Information

Table S3. Supporting Information

Conflict of interest

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

References

1. Ferrucci L, Bandinelli S, Benvenuti E, Di
Iorio A, Macchi C, Harris TB, et al. Subsys-
tems contributing to the decline in ability
to walk: bridging the gap between epide-
miology and geriatric practice in the
InCHIANTI study. J Am Geriatr Soc
2000;48:1618–1625.

2. Costanzo L, Pedone C, Cesari M, Ferrucci
L, Bandinelli S, Antonelli Incalzi R. Clusters
of functional domains to identify older
persons at risk of disability. Geriatr
Gerontol Int 2018;18:685–691.

3. Dent E, Morley JE, Cruz-Jentoft AJ,
Woodhouse L, Rodríguez-Mañas L,
Fried LP, et al. Physical frailty: ICFSR

international clinical practice guidelines
for identification and management. J Nutr
Health Aging 2019;23:771–787.

4. Pamoukdjian F, Laurent M, Martinez-
Tapia C, Rolland Y, Paillaud E, Canoui-
Poitrine F. Frailty parameters, morbidity
and mortality in older adults with cancer:
a structural equation modelling approach
based on the Fried phenotype. J Clin
Med 2020;9:1826.

5. Walston J, Hadley EC, Ferrucci L. Research
agenda for frailty in older adults: toward
a better understanding of physiology and
etiology: summary from the American Ge-
riatrics Society/National Institute on

Aging Research Conference on Frailty in
Older Adults. J Am Geriatr Soc 2006;
54:991–1001.

6. Panza F, Solfrizzi V, Giannini M, Seripa D,
Pilotto A, Logroscino G. Nutrition, frailty,
and Alzheimer’s disease. Front Aging
Neurosci 2014;6:221.

7. McPhee JS, French DP, Jackson D, Nazroo
J, Pendleton N, Degens H. Physical activity
in older age: perspectives for healthy age-
ing and frailty. Biogerontology 2016;17:
567–580.

8. Haider S, Grabovac I, Drgac D, Mogg C,
Oberndorfer M, Dorner TE. Impact of
physical activity, protein intake and social

The influence of gait on frailty models and health outcomes 293

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 274–297
DOI: 10.1002/jcsm.12667



network and their combination on the de-
velopment of frailty. Eur J Pub Health
2020;30:340–346.

9. Ayers E, Verghese J. Gait dysfunction in
motoric cognitive risk syndrome. J
Alzheimers Dis 2019;71:S95–S103.

10. Morley JE, von Haehling S, Anker SD,
Vellas B. From sarcopenia to frailty: a
road less traveled. J Cachexia Sarcopenia
Muscle 2014;5:5–8.

11. Panza F, Solfrizzi V, Barulli MR, Santamato
A, Seripa D, Pilotto A, et al. Cognitive
frailty: a systematic review of epidemio-
logical and neurobiological evidence of
an age-related clinical condition. Rejuve-
nation Res 2015;18:389–412.

12. Panza F, Seripa D, Solfrizzi V, Tortelli R,
Greco A, Pilotto A, et al. Targeting cogni-
tive frailty: clinical and neurobiological
roadmap for a single complex phenotype.
J Alzheimers Dis 2015;47:793–813.

13. Shimada H, Lee S, Doi T, Bae S,
Tsutsumimoto K, Arai H. Prevalence of
psychological frailty in Japan: NCGG-SGS
as a Japanese national cohort study. J Clin
Med Res 2019;8:1554.

14. Bunt S, Steverink N, Olthof J, van der
Schans CP, Hobbelen JSM. Social frailty
in older adults: a scoping review. Eur J
Ageing 2017;14:323–334.

15. Solfrizzi V, Scafato E, Lozupone M, Seripa
D, Schilardi A, Custodero C, et al.
Biopsychosocial frailty and the risk of inci-
dent dementia: the Italian longitudinal
study on aging. Alzheimers Dement
2019;15:1019–1028.

16. Ferrucci L, Cooper R, Shardell M,
Simonsick EM, Schrack JA, Kuh D. Age-re-
lated change in mobility: perspectives
from life course epidemiology and
geroscience. J Gerontol A Biol Sci Med
Sci 2016;71:1184–1194.

17. Fagerström C, Borglin G. Mobility, func-
tional ability and health-related quality
of life among people of 60 years or older.
Aging Clin Exp Res 2010;22:387–394.

18. Martin KL, Blizzard L, Wood AG, Srikanth
V, Thomson R, Sanders LM, et al. Cogni-
tive function, gait, and gait variability in
older people: a population-based study. J
Gerontol A 2013;68:726–732.

19. Cohen JA, Verghese J, Zwerling JL. Cogni-
tion and gait in older people. Maturitas
2016;93:73–77.

20. Guyonnet S, Secher M, Nutrition VB.
Frailty, cognitive frailty and prevention
of disabilities with aging. Nestle Nutr Inst
Workshop Ser 2015;82:143–152.

21. Capurso C, Bellanti F, Lo Buglio A,
Vendemiale G. The Mediterranean diet
slows down the progression of aging and
helps to prevent the onset of frailty: a
narrative review. Nutrients 2019;12:35.

22. Pirker W, Katzenschlager R. Gait disorders
in adults and the elderly. Wien Klin
Wochenschr 2017;129:81–95.

23. Fritz S, Lusardi M. White paper: ‘walking
speed: the sixth vital sign’. J Geriatr Phys
Ther 2009;32:2–5.

24. Stenholm S, Ferrucci L, Vahtera J,
Hoogendijk EO, Huisman M, Pentti J,
et al. Natural course of frailty

components in people who develop
frailty syndrome: evidence from two co-
hort studies. J Gerontol A Biol Sci Med
Sci 2019;74:667–674.

25. Rosso AL, Studenski SA, Chen WG,
Aizenstein HJ, Alexander NB, Bennett DA,
et al. Aging, the central nervous system,
and mobility. J Gerontol A Biol Sci Med
Sci 2013;68:1379–1386.

26. Verghese J, Wang C, Bennett DA, Lipton
RB, Katz MJ, Ayers E. Motoric cognitive
risk syndrome and predictors of
transition to dementia: a multicenter
study. Alzheimer’s Dement 2019;15:
870–877.

27. Verghese J, Wang C, Lipton RB, Holtzer R.
Motoric cognitive risk syndrome and the
risk of dementia. J Gerontol A Biol Sci
Med Sci 2013;68:412–418.

28. van Kan GA, Rolland Y, Andrieu S, Bauer J,
Beauchet O, Bonnefoy M, et al. Gait
speed at usual pace as a predictor of ad-
verse outcomes in community-dwelling
older people an International Academy
on Nutrition and Aging (IANA) Task
Force. J Nutr Health Aging 2009;13:
881–889.

29. Montero-Odasso M, Almeida QJ, Bherer L,
Burhan AM, Camicioli R, Doyon J, et al.
Consensus on shared measures of mobil-
ity and cognition: from the Canadian Con-
sortium on Neurodegeneration in Aging
(CCNA). J Gerontol A Biol Sci Med Sci
2019;74:897–909.

30. Schwenk M, Howe C, Saleh A, Mohler J,
Grewal G, Armstrong D, et al. Frailty and
technology: a systematic review of gait
analysis in those with frailty. Gerontology
2014;60:79–89.

31. Moher D, Liberati A, Tetzlaff J, Altman DG.
Research methods & reporting—Pre-
ferred Reporting Items for Systematic Re-
views and Meta-Analyses: the PRISMA
statement—David Moher and colleagues
introduce PRISMA, an update of the
QUOROM guidelines for reporting sys-
tematic reviews and meta-analyses. BMJ
(CR)-print 2009;338:332.

32. Strandberg TE, Pitkälä KH. Frailty in
elderly people. Lancet 2007;369:
1328–1329.

33. Xue Q-L, Buta B, Ma L, Ge M, Carlson M.
Integrating frailty and cognitive pheno-
types: why, how, now what? Current Geri-
atrics Reports 2019;8:97–106.

34. Fried LP, Tangen CM, Walston J, Newman
AB, Hirsch C, Gottdiener J, et al. Frailty in
older adults: evidence for a phenotype. J
Gerontol A Biol Sci Med Sci 2001;56:
M146–M156.

35. Bartali B, Frongillo EA, Bandinelli S,
Lauretani F, Semba RD, Fried LP, et al.
Low nutrient intake is an essential com-
ponent of frailty in older persons. J
Gerontol A Biol Sci Med Sci 2006;61:
589–593.

36. Rothman MD, Leo-Summers L, Gill TM.
Prognostic significance of potential frailty
criteria. J Am Geriatr Soc 2008;56:
2211–2216.

37. Kang HG, Costa MD, Priplata AA,
Starobinets OV, Goldberger AL, Peng C-K,

et al. Frailty and the degradation of com-
plex balance dynamics during a dual-task
protocol. J Gerontol A Biol Sci Med Sci
2009;64:1304–1311.

38. Shimada H, Suzukawa M, Tiedemann A,
Kobayashi K, Yoshida H, Suzuki T. Which
neuromuscular or cognitive test is the op-
timal screening tool to predict falls in frail
community-dwelling older people? Ger-
ontology 2009;55:532–538.

39. Boyle PA, Buchman AS, Wilson RS,
Leurgans SE, Bennett DA. Physical frailty
is associated with incident mild cognitive
impairment in community-based older
persons. J Am Geriatr Soc 2010;58:
248–255.

40. Raji MA, Al Snih S, Ostir GV, Markides KS,
Ottenbacher KJ. Cognitive status and fu-
ture risk of frailty in older Mexican Amer-
icans. J Gerontol A Biol Sci Med Sci
2010;65:1228–1234.

41. Auyeung TW, Lee JSW, Kwok T, Woo J.
Physical frailty predicts future cognitive
decline—a four-year prospective
study in 2737 cognitively normal older
adults. J Nutr Health Aging 2011;15:
690–694.

42. Beasley JM, LaCroix AZ, Neuhouser ML,
Huang Y, Tinker L, Woods N, et al.
Protein intake and incident frailty in the
Women’s Health Initiative observational
study. J Am Geriatr Soc 2010;58:
1063–1071.

43. Davis DHJ, Rockwood MRH, Mitnitski AB,
Rockwood K. Impairments in mobility
and balance in relation to frailty. Arch
Gerontol Geriatr 2011;53:79–83.

44. Garcia-Garcia FJ, Gutierrez Avila G, Alfaro-
Acha A, Amor Andres MS, De Los Angeles
De La Torre Lanza M, Escribano Aparicio
MV, et al. The prevalence of frailty
syndrome in an older population
from Spain. The Toledo Study for
Healthy Aging. J Nutr Health Aging
2011;15:852–856.

45. Chang Y-W, Chen W-L, Lin F-G, Fang W-H,
Yen M-Y, Hsieh C-C, et al. Frailty and its
impact on health-related quality of life: a
cross-sectional study on elder
community-dwelling preventive health
service users. PLoS One 2012;7:e38079.

46. Langlois F, Vu TTM, Kergoat M-J, Chassé K,
Dupuis G, Bherer L. The multiple dimen-
sions of frailty: physical capacity, cogni-
tion, and quality of life. Int Psychogeriatr
2012;24:1429–1436.

47. Subra J, Gillette-Guyonnet S, Cesari M,
Oustric S, Vellas B, Others. The integration
of frailty into clinical practice: preliminary
results from the Gerontopole. J Nutr
Health Aging 2012;16:714–720.

48. Talegawkar SA, Bandinelli S, Bandeen-
Roche K, Chen P, Milaneschi Y, Tanaka T,
et al. A higher adherence to a
Mediterranean-style diet is inversely as-
sociated with the development of frailty
in community-dwelling elderly men and
women. J Nutr 2012;142:2161–2166.

49. Yassuda MS, Lopes A, Cachioni M, Falcao
DVS, Batistoni SST, Guimaraes VV, et al.
Frailty criteria and cognitive performance
are related: data from the FIBRA study in

294 I. Bortone et al.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 274–297
DOI: 10.1002/jcsm.12667



Ermelino Matarazzo, São Paulo, Brazil. J
Nutr Health Aging 2012;16:55–61.

50. Bollwein J, Diekmann R, Kaiser MJ, Bauer
JM, Uter W, Sieber CC, et al. Dietary
quality is related to frailty in
community-dwelling older adults. J
Gerontol A Biol Sci Med Sci 2013;68:
483–489.

51. Casas-Herrero A, Cadore EL,
Zambom-Ferraresi F, Idoate F, Millor N,
Martínez-Ramirez A, et al. Functional
capacity, muscle fat infiltration, power
output, and cognitive impairment in insti-
tutionalized frail oldest old. Rejuvenation
Res 2013;16:396–403.

52. McGough EL, Cochrane BB, Pike KC,
Logsdon RG, McCurry SM, Teri L. Dimen-
sions of physical frailty and cognitive
function in older adults with amnestic
mild cognitive impairment. Ann Phys
Rehabil Med 2013;56:329–341.

53. Shimada H, Makizako H, Doi T, Yoshida D,
Tsutsumimoto K, Anan Y, et al. Combined
prevalence of frailty and mild cognitive
impairment in a population of elderly
Japanese people. J Am Med Dir Assoc
2013;14:518–524.

54. Alexandre T d S, Corona LP, Nunes DP,
Santos JLF, Duarte YAO, Lebrão ML.
Similarities among factors associated
with components of frailty in elderly:
SABE Study. J Aging Health 2014;26:
441–457.

55. Brown PJ, Roose SP, Fieo R, Liu X,
Rantanen T, Sneed JR, et al. Frailty and
depression in older adults: a high-risk clin-
ical population. Am J Geriatr Psychiatry
2014;22:1083–1095.

56. León-Muñoz LM, Guallar-Castillón P,
López-García E, Rodríguez-Artalejo F.
Mediterranean diet and risk of frailty in
community-dwelling older adults. J Am
Med Dir Assoc 2014;15:899–903.

57. O’Halloran AM, Finucane C, Savva GM,
Robertson IH, Kenny RA. Sustained atten-
tion and frailty in the older adult popula-
tion. J Gerontol B Psychol Sci Soc Sci
2014;69:147–156.

58. Yamada Y, Vlachova M, Richter T, Finne-
Soveri H, Gindin J, van der Roest H, et al.
Prevalence and correlates of hearing and
visual impairments in European nursing
homes: results from the SHELTER study. J
Am Med Dir Assoc 2014;15:738–743.

59. Cadore EL, Casas-Herrero A, Zambom-
Ferraresi F, Martínez-Ramírez A, Millor
N, Gómez M, et al. Do frailty and
cognitive impairment affect dual-task
cost during walking in the oldest old
institutionalized patients? Age 2015;
37:124.

60. Çakmur H. Frailty among elderly adults in
a rural area of Turkey. Med Sci Monit
2015;21:1232–1242.

61. Camicioli R, Mizrahi S, Spagnoli J, Büla C,
Demonet J-F, Vingerhoets F, et al. Hand-
writing and pre-frailty in the Lausanne co-
hort 65+ (Lc65+) study. Arch Gerontol
Geriatr 2015;61:8–8–13.

62. Chan R, Leung J, Woo J. Dietary
patterns and risk of frailty in Chinese
community-dwelling older people in Hong

Kong: a prospective cohort study. Nutri-
ents 2015;7:7070–7084.

63. Chen S, Honda T, Chen T, Narazaki K,
Haeuchi Y, Supartini A, et al. Screening
for frailty phenotype with objectively-
measured physical activity in a west
Japanese suburban community: evidence
from the Sasaguri Genkimon Study. BMC
Geriatr 2015;15:36.

64. Cherubini A, Demougeot L, Cruz Jentoft A,
Curgunlu A, Michel J-P, Roberts H, et al.
Relationship between the Gérontopôle
Frailty Screening Tool and the frailty phe-
notype in primary care. Eur Geriatr Med
2015;6:518–522.

65. Doi T, Shimada H, Makizako H,
Tsutsumimoto K, Hotta R, Nakakubo S,
et al. Association of insulin-like growth
factor-1 with mild cognitive impairment
and slow gait speed. Neurobiol Aging
2015;36:942–947.

66. Doi T, Shimada H, Makizako H,
Tsutsumimoto K, Hotta R, Nakakubo S,
et al. Mild cognitive impairment, slow
gait, and risk of disability: a prospective
study. J Am Med Dir Assoc 2015;16:
1082–1086.

67. Doi T, Shimada H, Park H, Makizako H,
Tsutsumimoto K, Uemura K, et al. Cogni-
tive function and falling among older
adults with mild cognitive impairment
and slow gait. Geriatr Gerontol Int
2015;15:1073–1078.

68. Jotheeswaran AT, Bryce R, Prina M,
Acosta D, Ferri CP, Guerra M, et al.
Frailty and the prediction of dependence
and mortality in low- and middle-income
countries: a 10/66 population-based co-
hort study. BMC Med 2015;13:138.

69. Makizako H, Shimada H, Doi T,
Tsutsumimoto K, Suzuki T. Impact of
physical frailty on disability in
community-dwelling older adults: a pro-
spective cohort study. BMJ Open 2015;5:
e008462.

70. Shimada H, Makizako H, Doi T,
Tsutsumimoto K, Suzuki T. Incidence of
disability in frail older persons with or
without slow walking speed. J Am Med
Dir Assoc 2015;16:690–696.

71. Tabue-Teguo M, Le Goff M, Avila-Funes
JA, Frison E, Helmer C, Féart C, et al.
Walking and psychomotor speed in the el-
derly: concordance, correlates and predic-
tion of death. J Nutr Health Aging
2015;19:468–473.

72. Doi T, Shimada H, Makizako H,
Tsutsumimoto K, Hotta R, Nakakubo S,
et al. Insulin-like growth factor-1 related
to disability among older adults. J
Gerontol A Biol Sci Med Sci 2016;71:
797–802.

73. Malini FM, Lourenço RA, Lopes CS. Preva-
lence of fear of falling in older adults, and
its associations with clinical, functional
and psychosocial factors: the Frailty in
Brazilian Older People-Rio de Janeiro
study. Geriatr Gerontol Int 2016;16:
336–344.

74. Martínez-Ramírez A, Martinikorena I,
Lecumberri P, Gómez M, Millor N, Casas-
Herrero A, et al. Dual task gait

performance in frail individuals with and
without mild cognitive impairment.
Dement Geriatr Cogn Disord
2016;42:7–16.

75. Montero-Odasso MM, Barnes B,
Speechley M, Muir Hunter SW, Doherty
TJ, Duque G, et al. Disentangling cogni-
tive-frailty: results from the gait and brain
study. J Gerontol A Biol Sci Med Sci
2016;71:1476–1482.

76. Veronese N, Stubbs B, Trevisan C, Bolzetta
F, De Rui M, Solmi M, et al. What physical
performance measures predict incident
cognitive decline among intact older
adults? A 4.4 year follow up study. Exp
Gerontol 2016;81:110–118.

77. Arjuna T, Soenen S, Hasnawati RA, Lange
K, Chapman I, Luscombe-Marsh ND. A
cross-sectional study of nutrient intake
and health status among older adults in
Yogyakarta Indonesia. Nutrients 2017;9:
1240.

78. Ayers E, Shapiro M, Holtzer R, Barzilai N,
Milman S, Verghese J. Symptoms of apa-
thy independently predict incident frailty
and disability in community-dwelling
older adults. J Clin Psychiatry 2017;78:
e529–e536.

79. Badrasawi M, Shahar S, Kaur Ajit Singh D.
Risk factors of frailty among multi-ethnic
Malaysian older adults. Int J Gerontol
2017;11:154–160.

80. De Cock A-M, Fransen E, Perkisas S,
Verhoeven V, Beauchet O, Remmen R,
et al. Gait characteristics under different
walking conditions: association with the
presence of cognitive impairment in
community-dwelling older people. PLoS
One 2017;12:e0178566.

81. Dokuzlar O, Soysal P, Isik AT. Association
between serum vitamin B12 level and
frailty in older adults. North Clin Istanb
2017;4:22–28.

82. Fougère B, Daumas M, Lilamand M,
Sourdet S, Delrieu J, Vellas B, et al. Associ-
ation between frailty and cognitive im-
pairment: cross-sectional data from
Toulouse frailty day hospital. J Am Med
Dir Assoc 2017;18:990.e1–990.e5.

83. Fougère B, Oustric S, Delrieu J, Chicoulaa
B, Escourrou E, Rolland Y, et al.
Implementing assessment of cognitive
function and frailty into primary care:
data from Frailty and Alzheimer disease
prevention into Primary care (FAP)
study pilot. J Am Med Dir Assoc 2017;18:
47–52.

84. Furtado G, Patrício M, Loureiro M,
Teixeira AM, Ferreira JP. Physical fitness
and frailty syndrome in institutionalized
older women. Percept Mot Skills
2017;124:754–776.

85. Garcia-Cifuentes E, David-Pardo DG,
Borda MG, Perez-Zepeda MU, Cano CA.
Two-way bridge between muscular dys-
function and cognitive impairment: sec-
ondary analyses of SABE-Bogota Study.
Age 2017;71:8–05.

86. Hanton CR, Kwon Y-J, Aung T,Whittington
J, High RR, Goulding EH, et al. Mobile
phone-based measures of activity, step
count, and gait speed: results from a

The influence of gait on frailty models and health outcomes 295

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 274–297
DOI: 10.1002/jcsm.12667



study of older ambulatory adults in a nat-
uralistic setting. JMIR Mhealth Uhealth
2017;5:e104.

87. Hartley P, Keevil VL, Romero-Ortuno R.
The association between clinical frailty
and walking speed in older hospitalized
medical patients: a retrospective observa-
tional study. Eur Geriatr Med 2017;8:
130–133.

88. Hernández-Luis R, Martín-Ponce E. Prog-
nostic value of physical function tests
and muscle mass in elderly hospitalized
patients. A prospective observational
study. Geriatr Gerontol Int 2018;18:
57–64.

89. Hooghiemstra AM, Ramakers IH,
Sistermans N, Pijnenburg YAL, Aalten P,
Hamel REG, et al. Gait speed and grip
strength reflect cognitive impairment
and are modestly related to incident cog-
nitive decline in memory clinic patients
with subjective cognitive decline and mild
cognitive impairment: findings from the
4C study. J Gerontol A Biol Sci Med Sci
2017;72:846–854.

90. Lee L, Patel T, Costa A, Bryce E, Hillier LM,
Slonim K, et al. Screening for frailty in pri-
mary care: accuracy of gait speed and
hand-grip strength. Can Fam Physician
2017;63:e51–e57.

91. Nyunt MSZ, Soh CY, Gao Q, Gwee X, Ling
ASL, Lim WS, et al. Characterisation of
physical frailty and associated physical
and functional impairments in mild cogni-
tive impairment. Front Med 2017;4:230.

92. Tsutsumimoto K, Doi T, Makizako H, Hotta
R, Nakakubo S, Makino K, et al. Associa-
tion of social frailty with both cognitive
and physical deficits among older
people. J Am Med Dir Assoc 2017;18:
603–607.

93. Wei K, Nyunt MSZ, Gao Q,Wee SL, Ng T-P.
Frailty and malnutrition: related and dis-
tinct syndrome prevalence and associa-
tion among community-dwelling older
adults: Singapore Longitudinal Ageing
Studies. J Am Med Dir Assoc 2017;18:
1019–1028.

94. Aliberti MJR, Apolinario D, Suemoto CK,
Melo JA, Fortes-Filho SQ, Saraiva MD,
et al. Targeted geriatric assessment for
fast-paced healthcare settings: develop-
ment, validity, and reliability. J Am Geriatr
Soc 2018;66:748–754.

95. De Cock A-M, Perkisas S, Verhoeven V,
Vandewoude M, Fransen E, Remmen R.
The impact of cognitive impairment on
the physical ageing process. Aging Clin
Exp Res 2018;30:1297–1306.

96. Doi T, Makizako H, Tsutsumimoto K, Hotta
R, Nakakubo S, Makino K, et al. Combined
effects of mild cognitive impairment and
slow gait on risk of dementia. Exp
Gerontol 2018;110:146–150.

97. Doi T, Makizako H, Tsutsumimoto K, Hotta
R, Nakakubo S, Makino K, et al. Associa-
tion between insulin-like growth factor-1
and frailty among older adults. J Nutr
Health Aging 2018;22:68–72.

98. Hsueh J-T, Peng T-C, Chen W-L, Wu L-W,
Chang Y-W, Yang W-S, et al. Association
between frailty and a measure of

cognition: a cross-sectional study on
community-dwelling older adults. Eur
Geriatr Med 2018;9:39–43.

99. Lee JE, Shin DW, Jeong SM, Son KY.
Timed Up and Go Test and future de-
mentia occurrence. J Gerontol Series A
2018;73:1238–1243.

100. Rahi B, Ajana S, Tabue-Teguo M,
Dartigues J-F, Peres K, Feart C. High ad-
herence to a Mediterranean diet and
lower risk of frailty among French older
adults community-dwellers: results from
the Three-City-Bordeaux Study. Clin Nutr
2018;37:1293–1298.

101. Shimada H, Doi T, Lee S, Makizako H,
Chen LK, Arai H. Cognitive frailty predicts
incident dementia among community-
dwelling older people. J Clin Med Res
2018;7:250.

102. Tkacheva ON, Runikhina NK, Ostapenko
VS, Sharashkina NV, Mkhitaryan EA,
Onuchina US, et al. Validation of the
questionnaire for screening frailty. Adv
Gerontol= Uspekhi gerontologii 2017;30:
236–242.

103. Wei K, Thein FS, Nyunt MSZ, Gao Q, Wee
SL, Ng TP. Nutritional and frailty state
transitions in the Singapore Longitudinal
Aging Study. J Nutr Health Aging
2018;22:1221–1227.

104. Yoon DH, Hwang SS, Lee DW, Lee CG,
Song W. Physical frailty and cognitive
functioning in Korea rural
community-dwelling older adults. J Clin
Med Res 2018;7:405.

105. Yoon DH, Lee J-Y, Shin SA, Kim YK, Song
W. Physical frailty and amyloid-β deposits
in the brains of older adults with
cognitive frailty. J Clin Med Res 2018;
7:169.

106. Yu R, Morley JE, Kwok T, Leung J, Cheung
O, Woo J. The effects of combinations of
cognitive impairment and pre-frailty on
adverse outcomes from a prospective
community-based cohort study of older
Chinese people. Front Med 2018;5:50.

107. Zhong R, Rau PLP, Yan X. Application of
smart bracelet to monitor frailty-related
gait parameters of older Chinese adults:
a preliminary study. Geriatr Gerontol Int
2018;1366–1371, R.

108. Chou M-Y, Nishita Y, Nakagawa T, Tange
C, Tomida M, Shimokata H, et al. Role of
gait speed and grip strength in predicting
10-year cognitive decline among
community-dwelling older people. BMC
Geriatr 2019;19:186.

109. Doi T, Tsutsumimoto K, Nakakubo S, Kim
M-J, Kurita S, Shimada H. Rethinking the
relationship between spatiotemporal gait
variables and dementia: a prospective
study. J Am Med Dir Assoc 2019;20:
899–903.

110. Ehsani H, Mohler MJ, O’Connor K, Zamrini
E, Tirambulo C, Toosizadeh N. The associa-
tion between cognition and dual-tasking
among older adults: the effect of motor
function type and cognition task difficulty.
Clin Interv Aging 2019;14:659–669.

111. Gifford KA, Bell SP, Liu D, Neal JE, Turchan
M, Shah AS, et al. Frailty is related to sub-
jective cognitive decline in older women

without dementia. J Am Geriatr Soc
2019;67:1803–1811.

112. Giusti Rossi P, Pires de Andrade L, Hotta
Ansai J, Silva Farche AC, Carnaz L,
Dalpubel D, et al. Dual-task performance:
influence of frailty, level of physical activ-
ity, and cognition. J Geriatr Phys Ther
2019;42:E142–E147.

113. Kim M,Won CW, Sarcopenia I. Associated
with cognitive impairment mainly due to
slow gait speed: results from the Korean
Frailty and Aging Cohort Study (KFACS).
Int J Environ Res Public Health 2019;
16:1491.

114. Sathyan S, Ayers E, Gao T, Milman S,
Barzilai N, Rockwood K, et al. Frailty and
risk of incident motoric cognitive risk syn-
drome. J Alzheimers Dis 2019;71:S85–S93.

115. Umegaki H, Makino T, Shimada H, Hayashi
T, Wu Cheng X, Kuzuya M. Cognitive dys-
function in urban-community dwelling
prefrail older subjects. J Nutr Health Ag-
ing 2018;22:549–554.

116. Zhou H, Razjouyan J, Halder D, Naik AD,
Kunik ME, Najafi B. Instrumented
trail-making task: application of wearable
sensor to determine physical frailty phe-
notypes. Gerontology 2019;65:186–197.

117. Maggio M, Barbolini M, Longobucco Y,
Barbieri L, Benedetti C, Bono F, et al. A
novel tool for the early identification of
frailty in elderly people: the application
in primary care settings. J Frailty Aging
2020;9:101–106.

118. Özsürekci C, Balcı C, Kızılarslanoğlu MC,
Çalışkan H, Tuna Doğrul R, Ayçiçek GŞ,
et al. An important problem in an aging
country: identifying the frailty via 9 Point
Clinical Frailty Scale. Acta Clin Belg
2020;75:200–204.

119. Shim H, Kim M, Won CW. Motoric cogni-
tive risk syndrome is associated with pro-
cessing speed and executive function, but
not delayed free recall memory: the
Korean Frailty and Aging Cohort Study
(KFACS). Arch Gerontol Geriatr 2020;
87:103990.

120. Rockwood K, Song X, MacKnight C,
Bergman H, Hogan DB, McDowell I, et al.
A global clinical measure of fitness and
frailty in elderly people. CMAJ 2005;173:
489–495.

121. Kamil RJ, Betz J, Powers BB, Pratt S,
Kritchevsky S, Ayonayon HN, et al. Associ-
ation of hearing impairment with incident
frailty and falls in older adults. J Aging
Health 2016;28:644–660.

122. Morley JE, Malmstrom TK, Miller DK. A
simple frailty questionnaire (FRAIL) pre-
dicts outcomes in middle aged African
Americans. J Nutr Health Aging 2012;16:
601–608.

123. Yannakoulia M, Ntanasi E, Anastasiou CA,
Scarmeas N. Frailty and nutrition: from
epidemiological and clinical evidence to
potential mechanisms. Metabolism 2017;
68:64–76.

124. Angulo J, El Assar M, Rodríguez-Mañas L.
Frailty and sarcopenia as the basis for
the phenotypic manifestation of chronic
diseases in older adults. Mol Aspects
Med 2016;50:1–32.

296 I. Bortone et al.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 274–297
DOI: 10.1002/jcsm.12667



125. Panza F, Lozupone M, Solfrizzi V, Sardone
R, Dibello V, Di Lena L, et al. Different cog-
nitive frailty models and health- and cog-
nitive-related outcomes in older age:
from epidemiology to prevention. J
Alzheimers Dis 2018;62:993–1012.

126. Adachi T, Kamiya K, Kono Y, Iwatsu K,
Shimizu Y, Honda I, et al. Estimation of
reduced walking speed using simple mea-
surements of physical and psychophysio-
logical function in community-dwelling
elderly people: a cross-sectional and
longitudinal study. Aging Clin Exp Res
2019;31:59–66.

127. Grande G, Triolo F, Nuara A, Welmer A-K,
Fratiglioni L, Vetrano DL. Measuring
gait speed to better identify prodromal
dementia. Exp Gerontol 2019;124:
110625.

128. Najafi B, Khan T,Wrobel J. Laboratory in a
box: wearable sensors and its advantages
for gait analysis. Conf Proc IEEE Eng Med
Biol Soc 2011;2011:6507–6510.

129. Kressig RW, Gregor RJ, Oliver A, Waddell
D, Smith W, O’Grady M, et al. Temporal
and spatial features of gait in older adults
transitioning to frailty. Gait Posture
2004;20:30–35.

130. Verghese J, Holtzer R, Lipton RB, Wang C.
Mobility stress test approach to
predicting frailty, disability, and mortality
in high-functioning older adults. J Am
Geriatr Soc 2012;60:1901–1905.

131. Oh-Park M, Holtzer R, Mahoney J, Wang
C, Verghese J. Effect of treadmill training
on specific gait parameters in older adults
with frailty: case series. J Geriatr Phys
Ther 2011;34:184–188.

132. Montero-Odasso M, Muir SW, Hall M,
Doherty TJ, Kloseck M, Beauchet O,
et al. Gait variability is associated with
frailty in community-dwelling older
adults. J Gerontol A Biol Sci Med Sci
2011;66:568–576.

133. Kelaiditi E, Cesari M, Canevelli M, van Kan
GA, Ousset P-J, Gillette-Guyonnet S, et al.
Cognitive frailty: rational and definition
from an (I.A.N.A./I.A.G.G.) international
consensus group. J Nutr Health Aging
2013;17:726–734.

134. Makizako H, Shimada H, Tsutsumimoto K,
Lee S, Doi T, Nakakubo S, et al. Social
frailty in community-dwelling older adults
as a risk factor for disability. J Am Med Dir
Assoc 2015;16:1003.e7–11.

135. Organization WH, Others. World
Health Day 2012. Are you ready? What
you need to know about ageing; 2012.
2016.

136. Kojima G. Increased healthcare costs as-
sociated with frailty among
community-dwelling older people: a sys-
tematic review and meta-analysis. Arch
Gerontol Geriatr 2019;84:103898.

137. Hoogendijk EO, Rijnhart JJM, Skoog J,
Robitaille A, van den Hout A, Ferrucci L,
et al. Gait speed as predictor of

transition into cognitive impairment:
findings from three longitudinal
studies on aging. Exp Gerontol 2020;129:
110783.

138. Kikkert LHJ, Vuillerme N, van Campen JP,
Hortobágyi T, Lamoth CJ. Walking ability
to predict future cognitive decline in old
adults: a scoping review. Ageing Res Rev
2016;27:1–14.

139. Kojima G. Frailty as a predictor of future
falls among community-dwelling older
people: a systematic review and meta-
analysis. J Am Med Dir Assoc 2015;16:
1027–1033.

140. Verlaan S, Ligthart-Melis GC, Wijers SLJ,
Cederholm T, Maier AB, de van der
Schueren MAE. High prevalence of physi-
cal frailty among community-dwelling
malnourished older adults—a systematic
review and meta-analysis. J Am Med Dir
Assoc 2017;18:374–382.

141. Silva R, Pizato N, da Mata F, Figueiredo A,
Ito M, Pereira MG. Mediterranean diet
and musculoskeletal-functional outcomes
in community-dwelling older people:
a systematic review and meta-analysis.
J Nutr Health Aging 2018;22:655–663.

142. von Haehling S, Morley JE, Coats AJS,
Anker SD. Ethical guidelines for
publishing in the Journal of Cachexia,
Sarcopenia and Muscle: update 2019. J
Cachexia Sarcopenia Muscle 2019;10:
1143–1145.

The influence of gait on frailty models and health outcomes 297

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 274–297
DOI: 10.1002/jcsm.12667



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


